Abstract-Micro Rain Radar (MRR) is a vertical pointing microwave profiler to measure hydrometeors and related parameters in high resolution. However, it is known that the MRR suffers from certain limitations due to several factors. This paper evaluates the performance of the MRR installed at Kototabang, west Sumatra, Indonesia (0.20 • S, 100.32 • E, 864 m above sea level). The DSD and rainfall rate from the MRR standard processing method had been evaluated by using collocated measurements of MRR, Parsivel disdrometer and Optical Rain Gauge (ORG) during 2014. Furthermore, 1.3 GHz wind profiler (BLR) observation was used to examine the vertical profiles of radar reflectivity and Doppler velocity. It was found that there were noticeable differences between the MRR and Parsivel in the small and large size ends of the DSD. At small sized drop (< 1 mm), the DSD spectra of MRR was higher than that obtained by the Parsivel otherwise it was smaller for large sized drop (> 2 mm). Underestimation of large sized drops in the MRR could be responsible for the underestimation of surface rainfall rate and daily rainfall. The source of differences in the DSD seems the measurement shortcomings such as attenuation correction and vertical wind effects, particularly during heavy rain. The shortcomings were observed from the comparison of mean Doppler velocity profiles between the MRR and the BLR. While the melting layer height of the two instruments was the same, the mean Doppler velocities of MRR shown downward increasing (DI) pattern through all rainfall intensities. On the other hand, for the BLR, the DI was only observed for heavy rain (> 10 mm/h), while downward decreasing was observed for light rain (< 5 mm/h). Similar pattern was also observed for the vertical profile of radar reflectivity. Thus, some corrections are needed for heavy rain, nevertheless, the MRR installed at Kototabang can be utilized for light rain. Comparisons indicated that the mean Doppler velocity and the DSD for the light rain as well as Z-R relation were in reasonable agreement with the reference of BLR, Parsivel and previous studies using the MRR.
INTRODUCTION
Measurements of raindrop size distribution (DSD) have a broad list of applications in telecommunication, meteorology, hydrology, and related sciences. The performance of communication links in frequencies above 5 GHz are affected by rain attenuation so the attenuation is one of the most crucial factors to be considered in the link budget estimation [1, 2] . The rain attenuation is a function of raindrop, and consequently can be predicted when the DSD data are available [1, [3] [4] [5] . In addition, weather radar operation also requires the information on the DSD. The radar only provides the radar reflectivity (Z) and we need to convert it to rainfall rate (R) by using an equation which is commonly known as the Z-R relation. The equation relates the measured Z and the estimated R and can be derived traditionally from long-term observations of DSD [6, 7] . Finally, knowledge of the DSD is also important in cloud physics [8, 9] , soil erosion study [10] , and harvesting energy from raindrop [11] .
While the DSD has a broad list of application, study on the DSD in Indonesia is still limited to few locations. A pioneering study on the DSD was conducted at Bogor, west Jawa, Indonesia, by using a raindrop camera [12] . The number of study particularly at Kototabang, west Sumatra increases after Equatorial Atmosphere Radar (EAR) facilities were completed in this area [1, 9, [13] [14] [15] [16] [17] [18] . Furthermore, regional variability of DSD along the equatorial Indonesia has been also observed through a network of Parsivel disdrometer observation at Kototabang, Pontianak, Manado and Biak [19] . The aforementioned studies mostly deal with the surface DSD. The evolution of rain drops before reaching the ground surface may have a significant effect on the DSD application. For example, the radar reflectivity is an inherent property of the DSD which is proportional to the 6th power of the drop sizes. Thus, the variation in the raindrop during their fall may partly lead to the variation of vertical profile of reflectivity (VPR) that influences the accuracy of quantitative precipitation estimation based on the weather radar.
Radar provides a unique tool to estimate the vertical profile of DSD. The EAR observatory has several radars which are operated at different frequencies ( Table 1 ) that can be used to study such profile. The first instrument is the EAR operating at 47 MHz. The ability of EAR to estimate the DSD has been described by several papers [13, 15] . However, the VHF profiler like EAR is unable to resolve small drops (< 1 mm) [20] . The second instrument is L-Band Boundary Layer Radar (BLR) operating at UHF frequency (1.3 GHz) [21] . The BLR is primarily sensitive to the precipitation echoes and capable of resolving small drops. However, the precipitation echo completely suppresses the echo due to Bragg scatter in moderate to heavy rains at heights above about 1.5 km. In such case, dualfrequency wind profiler DSD retrievals (EAR/BLR) is better than single-frequency [22] . The third instrument is Micro Rain Radar (MRR) operating at 24.1 GHz. The MRR is a frequency-modulated continuous-wave (FM-CW) radar pointed vertically with a 0.6 m offset antenna (2 • beamwidth) [23, 24] . It is capable of resolving small drops and successful investigations using this radar have been reported in many literatures [25] [26] [27] [28] [29] . However, the accuracy of MRR has been questioned due to several problems such as strong rain attenuation at the frequency of 24.1 GHz [30] and the vertical wind that affects the fall speed of the drops [26] , particularly in heavy rain. Thus, some correction techniques have been proposed to improve the MRR standard processing method [28, 31] . The MRR installed at Kototabang has been overhauled by Meteorologische Messtechnik GmbH (Metek) and the firmware and software were replaced to the newest ones at that time. Thus, new attenuation correction scheme [30] may have been adopted to our instrument. The instrument is reinstalled in September 2011 and few results are published in a literature [9] . However, the performance of our MRR has not yet been investigated in detail. Thus, this paper evaluates the performance by using the collocated measurement of MRR, Parsivel disdrometer and Optical Rain Gauge (ORG) during January-December 2014. Furthermore, the BLR observation was used to examine the accuracy of the vertical radar reflectivity and Doppler velocity retrieval from the MRR. This study can be additional reference for ongoing effort to improve the MRR performance. 
Micro Rain Radar System Description
The Micro Rain Radar (MRR) is FMCW Doppler radar so it has a range resolution competitive to pulse radars when the same signal bandwidth is used. Unlike the pulse radar that detects the time delay of the returned pulse, the range measurement of most FMCW radars is based upon the difference in instantaneous frequency between received and transmitted signals [32] . The MRR records spectra at 32 range gates that leads to an observable height range between 0.15 and 4.65 km when a resolution of 150 m is used. If smaller resolution (e.g., < 100 m) is used, the first and the second range gates are normally omitted from processing, because they may be affected by near-field concept [6, 28] . Furthermore, the last range gate is usually excluded from analysis, since it is too noisy. In this work, a 150 m resolution was employed and the first range gate (0.15 km) was included in the analysis as in a previous study [29] . The MRR measures the fall velocities of the precipitation particles and deduces DSD, rainfall rate, and other parameters from their fall velocity spectra [23, 24] . The DSD of MRR is related to the Doppler spectra as,
where 
where D(v, h) is diameter of falling drops at height h and derived from [33] v(D) = 9.65 − 10.3e
where δ(h) is air density correction, and the MRR applies the correction proposed by [34] . Radar reflectivity factor Z (mm 6 m −3 ) is commonly expressed by Rayleigh approximation as
In case of MRR, the equivalent radar reflectivity factor (Z e ) is used instead of Z and given by
The liquid water content (LW C) is proportional to the 3rd moment of the DSD as
In similar fashion, rainfall rate R (mm/h) is expressed in terms of the DSD as
where v(D) is the raindrop fall speed. The mean falling velocity of MRR is calculated directly from the first moment of the Doppler spectra [23, 24] . The MRR standard processing method provides several output files. The first file is the "Rawdata" which is the lowest level of data available and provided every 10 s. However, our instrument does not provide the "Rawdata" file. The "Rawdata" will be important when the user wants to reprocess the data [31] . The second file type is Processed data which is obtained every 10 s after processing and provides estimated DSD and other rainfall parameters. The third file is Averaged data which is similar to the Processed data file, but it is averaged over 60 s. In this study, the "Averaged data" during 2014 is used with a temporal resolution of 60 s.
Parsivel and Rain Gauge System Description
The Parsivel is a ground-based optical disdrometer which can measure the fall speed and size of precipitation particles up to about 26 mm at 32 bin sizes. The bin size is not uniform and ranges from 0.125 to 3 mm (increase as raindrop sizes increase). The first and the second bins are normally omitted from processing due to low signal to noise ratio [35, 19] . Therefore, the range of particle sizes that can be analyzed spans from 0.3 to 26 mm in diameter. In this study, we used one-minute interval of DSD during 2014 with the raindrop diameter ranging from 0.3 mm to 10 mm and R > 0.1 mm/h.
Another instrument which is used to evaluate the performance of MRR is an Optical Rain Gauge (ORG). It has been installed at KT since 2002 [36] . The ORG data are used to evaluate daily rainfall and rainfall rate obtained by the MRR. 
1.3 GHz Boundary Layer Radar
The Boundary Layer Radar (BLR) was installed about 300 m away from the MRR and had been operated since 1997. The data used in the present study span from 2004 to 2009 with range and time resolutions of 150 m and 2 minute, respectively and the vertical domain extended from 0.3 to 4.65 km above ground level (AGL). To avoid ground clutter contamination, we only analyzed data from 0.75 km height measurement. The BLR was taken as a reference to evaluate the vertical profile of reflectivity and mean Doppler velocity of the MRR. Using an L-band frequency, hence the BLR is almost unaffected by attenuation and able to provide reflectivity factor measurements in the Rayleigh scattering regime. The radar echoes were assumed as precipitation only if surface rain rate was larger than 0.1 mm/h. Furthermore, to ensure that both instruments are simultaneously observing rain, only the echoes having the radar reflectivity and Doppler velocities greater than 18 dBz and 3 m/s, respectively, were analyzed [21, 15, 9] .
RESULTS

Comparison of MRR with Parsivel and Rain Gauge
Figure 1(a) shows the vertical profile of equivalent radar reflectivity for rain event on 17 October and 26 November 2014. The rain event on 26 November 2014 is a typical stratiform rain indicated by a bright band signature while the rain event on 17 October is a typical convective rain. The equation of raindrop falling velocity (Eq. (3)) is only valid for v < 9.36 m/s corresponding to diameter < 5.8 mm and is applied only to the range limits of 0.246 and 5.8 mm for the MRR. As a consequence, the estimated DSDs are truncated, particularly at heavy rain ( Fig. 1(b) ). A striking contrast between the DSD estimated by the MRR and the Parsivel is that the concentration of small-sized drops (< 1 mm) from the MRR is much larger than that estimated by the Parsivel. On the other hand, the concentration of large-sized drops (> 1 mm) from the MRR is much smaller than that estimated by the Parsivel. To see the performance of MRR on retrieving the DSD in more detail, in Fig. 2 , we plot the DSDs of MRR and Parsivel for several minutes during 17 October and 26 November 2014. In general, the DSD of MRR has a similar trend with that of Parsivel, and some agreements can be observed. The deficit of large size drop in the DSD spectra of MRR results in the underestimation of rainfall rate (Figs. 1(d) and (h)).
Medium and large-size drops are the main contributors to the rainfall rate (Eq. (7)). A comparison of rainfall rate and daily rainfall for each rain event during 2014 was made between the MRR and the ORG. Fig. 3 shows a scatter diagram of the MRR-retrieved rainfall rate and daily rainfall at 0.15 km (the lowest range gates of MRR) and corresponding rain gauge values. Also shown in the figure is the one-to-one line where all the points would line up if the ORG and MRR measurements agreed perfectly. It can be seen that the MRR generally underestimates rainfall rate dan daily rainfall in comparison with the ORG in most events and overestimates in others. The linear regression results show that the slope of the bestfit line is somewhat larger than unity (1.13 for rainfall rate and 1.37 for daily rainfall). The underestimation of rain rate in the MRR may be due to the considerable rain attenuation at high rain rates. The truncation of large sized drops may also result in the underestimation of rainfall. 
Comparison of MRR with BLR
In contrast to other integral rain parameters (IRPs), the mean Doppler velocity which indicates the falling velocity, is not susceptible to attenuation or radar calibration. Therefore, to further evaluate the performance of the MRR, the mean fall velocity profiles were compared with those obtained by the BLR. The two instruments provide the same melting layer height (Figs. 4 (a)-(c) ). While the average fractional error (AFE) of Doppler velocity between the MRR and the BLR is relatively small (10%) except extreme rain (31%), there are a significant differences in the vertical distribution. The fall velocity profile shows a steep downward increasing (DI) above melting layer height in light rain (Figs. 4(a)-(c) ) indicating the presence of slow moving ice crystals. The vertical profile of velocity gradient (VPVG) for the MRR and the BLR are summarized in Table 2 . The gradients of MRR are slightly different from those of BLR. The mean fall velocities for rain region (below the melting layer) where the IRPs are retrieved, indicates a DI pattern. While the two instruments show almost uniform fall velocities of the hydrometeor up to melting layer height for light rain (Figs. 4(a)-(c) ), small DI is observed for the MRR whereas small DD is observed for the BLR (Table 2 ). Linear decrease in mean fall velocity with decreasing height from the BLR, is nearly coincident with the increase in the atmospheric density [39] and indicates that the particles are not undergoing size changes during their fall. On the other hand, the MRR suggests that the particles are undergoing slightly size changes over the 2.3 km height range, indicated by DI of mean falling velocity. The heavy rain or convective cases (Figs. 4(e)-(f) ) have the highest DI of fall velocities, which are also supported by the observations from other regions [40, 23, 24] . Such DI values were also observed for the BLR but the gradient is smaller than the MRR. Large VPVG particularly for the heavy rain could be due to the effect of vertical wind and turbulence on the MRR standard processing method [26] .
The DSDs of MRR are estimated from the Doppler spectra which reflects the fall velocity distribution of hydrometeors. While there was not a perfect agreement in derived rain parameters between the MRR and the ORG, the MRR and the BLR show almost the same fall velocities of the hydrometeor up to melting layer height for light rain. Thus, the DSD for light rain may be accurate enough. This can be also observed from the instantaneous DSD (Fig. 5). Figure 5 shows the mean vertical DSD profile of several rain classes during 2014. The DSD was parameterized by the normalized gamma distribution [9] and the profile of parameters was given in Fig. 6 . The profiles are valid only below the melting layer height (in the rain region) and our discussion is limited to that region only.
Vertical DSD Profile and Z-R Relationships from MRR
Significant changes of DSD are observed with increasing rainfall rate. The lowest rain class ( Fig. 5(a) ) shows a slightly decrease in smaller drops (< 1 mm) and slightly increase in larger drops (> 1 mm) with decreasing height in rain column. Thus, the particles are undergoing slightly size changes over the 3.0 km height range, as also observed from the Doppler velocity plot (Fig. 4(a) ) and mass-weighted mean diameter (D m ) (Fig. 6(b) ). This indicates the occurrence of drop coalescence mechanism in the tropical precipitation even for very light rain. Beside the coalescence, the evaporation of smaller drops could be also the possible reason for such pattern. The total raindrop concentration (N w ) shows a slight decrease with height ( Fig. 6(a) ), consistent with a significant decrease of small sized drop concentration. On the other hand, the shape parameter (μ) shows a slight increase with height ( Fig. 6(c) ). The value of about −1 indicates that the DSD of very light rain from the MRR are somewhat broader and larger concentration of small size drops than expected from an exponential distribution (μ = 0).
Large-sized drops have a disproportionate effect on the radar reflectivity, therefore, DI or DD of radar reflectivity is closely related to the evolution of raindrop, particularly large-size drop [9] . Fig. 6(d) shows the mean value of radar reflectivity for each rain class. The vertical profile of radar reflectivity 761 spectra 972 spectra Table 2 . The gradient was calculated by using linear least square fitting of dBZ as function of height. The VPRG for all rain classes show DI and the magnitude of slopes increases with increasing rain rates, consistent with the DSD characteristics (Fig. 5 ). Large VPRG of MRR was also observed from the observation in India [29] . Such steep VPRGs particularly for heavy rain can be due to significant growth of raindrop at Kototabang. However, such strong VPRGs were not obtained by the BLR though the VPRG of BLR is consistent with several previous studies [40, 39] . Moreover, the BLR operates in L-band frequency, hence it is almost unaffected by attenuation. Thus, another possible reason for such steep gradient is due to inadequate retrieval of radar reflectivity in the MRR at heavy rain due to significant rain attenuation in addition to the influence of vertical wind on the DSD estimates. In order to explore more fully the differences in Z-R parameterizations by altitude, Z-R relationships (Z = AR b ) were determined for each altitude in the 0.15-3.0 km height. The relation was estimated by linear regression R over Z on log-transformed values. To minimize the effect of the There is a small reversal of the trend for A to decrease downward slightly in the layer of 3.0-2.4 km. In this same layer, exponent b also decreases significantly. The combined effect (decrease in A and b) is expected from breakup and evaporation process [38] . In the layer of 2.4-0.15 km, the value of A increases significantly with decreasing height. The exponent b also increases slightly until 0.45 km and tend to decrease downward in the layer of 0.45-0.15 km. The increase in A and b) with decreasing height is expected from coalescence and evaporation process [38] . The Z profile in Fig. 6(d) indicates that Z is not constant with height, for all rain classes. Same pattern is also observed for R and liquid water content (figure not shown). These suggest that the evaporation at Kototabang is not balanced by the coalescence; the coalescence is more dominant than the evaporation process. While the aforementioned comparison indicated that the DSD and rain parameters were not in a perfect agreement with the reference instrument, the vertical structure of coefficient A and exponent b parameters calculated in this study is the same as that found by the previous study using the MRR in Virginia [6] . The Z-R relations derived based on the linear least squares fit method from such study are Z = 323R [19] . The agreement between the MRR and Parsivel measurements is encouraging, especially when considering the difference in height (0.15 km). Note, however, that the exponent b values are somewhat higher in the disdrometer study (1.40 versus 1.26 in this study). Thus, some correction are needed, nevertheless, the MRR installed at Kototabang can be still utilized particularly for light rain.
CONCLUSIONS AND FUTURE WORKS
The result shows that the MRR installed at Kototabang still has shortcomings, particularly for heavy rain observation. While the melting layer height of the MRR and the BLR was the same, mean Doppler velocities of MRR increased with decreasing hight through all rainfall intensities. On the other hand, for the BLR, the downward increasing was only observed at heavy rain (> 10 mm/h), while downward decreasing was observed at light rain (< 5 mm/h). The MRR standard processing method converts the Doppler spectra which reflects the fall velocity distribution of hydrometeors into the DSD under the assumption of no vertical wind. This assumption is only valid for light rain. Tropical precipitation particularly during convection is associated with turbulence so the mean Doppler velocity is composed of not only the hydrometeor fall speed but also the air velocity. Therefore, the retrieved DSD can be biased during heavy rain. There were noticeable differences between the MRR and Parsivel in the small and large size ends of the drop size spectrum. The underestimation of large sized drops in the MRR may be responsible for the underestimation of surface rainfall rate and daily rainfall. The second measurement shortcoming could be attenuation correction which can be inferred from the comparison of radar reflectivity between the MRR and the BLR. The vertical profile of reflectivity gradient of MRR was much larger than the one estimated from the BLR which is almost unaffected by attenuation. Thus, some correction are still needed for heavy rain, nevertheless, the MRR installed at Kototabang can be utilized for light rain. Comparisons indicated that mean Doppler velocity and the DSD for the light rain as well as Z-R relation were in reasonable agreement with the reference of BLR, Parsivel and previous studies using the MRR. This result can be additional reference for ongoing effort to improve the MRR performance. To improve the reliability of MRR profiles, the correction using the MRR raw spectra will be conducted in the near future.
